When sucrose is present in the external medium, it is internalized by Methanococcus thermolithotrophicus. Sucrose internalization, as determined by both natural abundance 13 C nuclear magnetic resonance spectroscopy and [ 14 C]sucrose uptake, is directly proportional to external sucrose levels. The uptake is energy independent and exhibits kinetic behavior consistent with a simple passive diffusion process. In the presence of 0.2 M sucrose, methanogenesis is inhibited as the NaCl concentration in the external medium is increased. Growth, as determined by protein content, is inhibited by 0.2 M sucrose when the external NaCl concentration is 1.4 M. These results are important because they show that (i) sucrose cannot be used as a noncharged solute to replace NaCl in experiments to evaluate how external osmotic strength affects the internal solute composition of M. thermolithotrophicus, and (ii) sucrose cannot be used as an impermeable marker for the extracellular volume in experiments to measure the intracellular volume of M. thermolithotrophicus.
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C]sucrose uptake, is directly proportional to external sucrose levels. The uptake is energy independent and exhibits kinetic behavior consistent with a simple passive diffusion process. In the presence of 0.2 M sucrose, methanogenesis is inhibited as the NaCl concentration in the external medium is increased. Growth, as determined by protein content, is inhibited by 0.2 M sucrose when the external NaCl concentration is 1.4 M. These results are important because they show that (i) sucrose cannot be used as a noncharged solute to replace NaCl in experiments to evaluate how external osmotic strength affects the internal solute composition of M. thermolithotrophicus, and (ii) sucrose cannot be used as an impermeable marker for the extracellular volume in experiments to measure the intracellular volume of M. thermolithotrophicus.
Methanogens, a subgroup of the archaebacteria, are strict anaerobes that are able to produce methane from H 2 and CO 2 and in some cases from formate, acetate, methanol, and methylamine (1, 11, 23) . These organisms have been isolated from diverse environments, including sewage sludge, lake and marine sediments, mammalian intestinal tracts, dental plaque, and hot springs; a wide range of salinity values are found in these environments. The mechanisms by which methanogens balance osmotic pressure have been examined recently (12, (15) (16) (17) (18) (19) (20) . One unusual feature found in many methanogens is that ␤-amino acids and their derivatives are synthesized as compatible solutes (12, 16, (18) (19) (20) . While a wide range of eubacteria have been shown to concentrate carbohydrates in response to osmotic stress (4, 6, 9, 13, 14, 22) , there is no evidence that methanogens can accumulate and use carbohydrates as osmolytes. Thus far, the only carbohydrate detected at moderate concentrations in methanogens, ␣-glucosylglycerate, is synthesized under nitrogen-limiting conditions in Methanohalophilus sp. strain FDF1, and the concentration of this carbohydrate does not change with the external NaCl concentration (15) .
Methanococcus thermolithotrophicus (7, 8 ) is a marine organism which can grow in the presence of 0.2 to 2.1 M NaCl (16) ; optimum growth occurs in the presence of 0.7 M NaCl. The cells of this organism balance the external osmotic pressure by synthesizing several compatible organic solutes; at NaCl concentrations below 1 M the cells synthesize the anionic solutes L-␣-glutamate and ␤-glutamate (19) in response to increased external NaCl concentrations, while at NaCl concentrations of Ն1 M Methanococcus thermolithotrophicus synthesizes the zwitterionic compound N ε -acetyl-␤-lysine in addition to the two glutamate isomers (16) . It is known that Methanococcus spp. actively transport several organic solutes, notably basic amino acids and BES (a coenzyme M analog which is an inhibitor of methanogenesis) (23) . When exogenous compatible solutes such as glycine betaine were added to Methanococcus thermolithotrophicus cultures at low concentrations (typically 10 mM), bulk accumulation against the concentration gradient was not observed (19) . There have been no reports of exogenous carbohydrate internalization in Methanococcus spp.
In this study 13 C natural abundance nuclear magnetic resonance (NMR) spectroscopy and [
14 C]sucrose uptake experiments were performed to show that Methanococcus thermolithotrophicus can internalize high concentrations of sucrose. The internalization process depends only on the external solute concentration and does not depend on a source of cellular energy. Since the concentrations of endogenously synthesized solutes are not affected by an exogenous carbohydrate, the latter solute does not contribute significantly to the osmotic balance of the cells. Methane production and hence growth are inhibited by sucrose, but only when the cells are grown in the presence of high concentrations of NaCl.
MATERIALS AND METHODS
Cell growth. The medium components used to grow Methanococcus thermolithotrophicus SN1 have been described previously (2) . The appropriate volume of medium was prepared and distributed into Wheaton serum bottles (50 ml of medium per 125-ml Wheaton bottle and 150 ml of medium per 500-ml Wheaton bottle). Each bottle was closed with a stopper, crimped, and made anaerobic on a gas manifold by using a 4:1 (vol/vol) H 2 -CO 2 gas mixture. The excess oxygen in the medium was reduced anaerobically by adding 0.3 ml of 200 mM Na 2 S per 50 ml of medium prior to autoclaving. All subsequent transfers were made sterilely and anaerobically. After cooling, 0.7 ml of 2.5 M MgCl 2 ⅐ 6H 2 O was added per 50 ml of medium. Then inoculum (5 to 7%, vol/vol; A 660 , Ն0.6) was injected into each bottle. Each bottle was vented for 10 s and then repressurized for 30 s to 20 lb/in 2 with H 2 -CO 2 (4:1, vol/vol). The bottles were placed in a shaking water bath at 200 rpm and 65ЊC and repressurized every 2 to 3 h with H 2 -CO 2 (4:1, vol/vol) at 20 lb/in 2 . Cell growth was monitored by measuring the optical density of the solution at 660 nm. The total protein contents of the cell cultures were determined by using a modification of the Bradford assay (3).
Sucrose internalization by cells which were not generating methane or growing was measured as follows. Cells previously grown in the presence of 0.7 M NaCl to an A 660 of 0.6 were incubated at either 4ЊC or the growth temperature, and sucrose was added to a final concentration of 0.20 M for 0.5 h prior to repeated washing and ethanol extraction.
Cells were also prepared for in vivo 13 C NMR analyses of intracellular solutes. Methanococcus thermolithotrophicus cells grown in the presence of 0.7 M NaCl and 0.2 M sucrose to an A 660 of 0.6 were transferred anaerobically (e.g., under argon) to centrifuge tubes, and each preparation was centrifuged at 4ЊC, washed twice with anaerobic equiosmolar buffer, and resuspended in 0.5 ml of the same buffer containing D 2 O. The resulting anaerobic cell suspension was then transferred to an NMR tube. After 13 C NMR spectra were obtained, the cells were extracted with ethanol. The dried ethanolic fraction was dissolved in D 2 O and reexamined by performing 13 C NMR spectroscopy.
Cell extraction. To prepare NMR samples, an ethanol extraction procedure described previously (15, 16) was used to isolate intracellular small-molecule pools from cell cultures with A 660 values of at least 0.6. After centrifugation of the cultures to be extracted, the supernatants were carefully decanted without disturbing the pellets. Each pellet was washed twice with 10 to 15 ml of equiosmolar NaCl buffer and centrifuged at 9,000 ϫ g and room temperature for 10 min to remove the excess external carbohydrate from the medium. After the second wash, 1 ml of supernatant was left to resuspend the pellet and transfer it to a 1.5-ml Eppendorf vial. The pellet was centrifuged again with an Eppendorf microcentrifuge at 10,000 ϫ g and room temperature for 10 min. The resulting pellet was resuspended in 1 ml of 70% ethanol at room temperature and extracted. The ethanol extraction procedure was repeated until the supernatant was clear. The supernatant was dried and then dissolved in D 2 O for analysis by 13 C NMR spectroscopy.
[ 14 C]sucrose incorporation. To monitor sucrose uptake rates, 25-ml cell cultures grown in the presence of 0.7 M NaCl to an A 660 of 0.65 were incubated at 65ЊC in medium containing 0.01 to 0.25 M sucrose that included 1 to 5 Ci of [U- 14 C]sucrose for 2 and 6 min. At each sampling time 5 ml of culture was removed and rapidly vacuum filtered. The cells collected on the filter paper were washed three times with 10 ml of medium containing 0.7 M NaCl (and the appropriate concentration of unlabeled sucrose) without resazurin. The levels of radioactivity in the initial incubation mixture, each wash fraction (after each wash 1-ml aliquots were examined to monitor the effectiveness of the washing procedure), and the cell pellet (and filter paper) were determined in 9-ml portions of scintillation fluid (AquaSol) by using an LKB model 1217 Rackbeta liquid scintillation counter. In all experiments a significant number of counts per minute was associated with the pellet after extensive washing. By comparing the counts per minute in the washed pellet with the specific radioactivity of [ 14 C]sucrose determined by using an aliquot of the cell suspension, the amount of sucrose associated with the pellet was determined. This value for the pellet was then normalized by using the protein content of the cells (determined by performing a Bradford assay with the cell suspension and measuring the culture volume prior to centrifugation).
The amounts of sucrose internalized at equilibrium as a function of the external sucrose concentration were determined in a similar way. Cell cultures (typically 25 ml) were grown in the presence of 0.7 M NaCl to A 660 values of 0.6 to 0.7. These cell suspensions were then incubated at 65ЊC in the presence of [ 14 C]sucrose (0.01 to 0.25 M) for 30 and 40 min. At each sampling time 5 ml of culture was removed, filtered, and washed three times, and the number of counts per minute was determined. Sucrose specific radioactivities were obtained by determining the levels of radioactivity in 1-ml aliquots of the cell suspension. These values were essentially equal to the values obtained with 1 ml of filtrate (i.e., they were within the error range [4 to 5%] observed when different 1-ml samples were used), indicating that the total amount of sucrose taken up by the cells was a very small fraction of the total sucrose in the solution. The extent of sucrose metabolism was also determined by using [ 14 C]sucrose. After 50 ml of the cell suspension was filtered, the cells collected on the filter paper were washed three times and then extracted three times with 10 ml of 70% ethanol. Two experiments were performed as controls to distinguish the sucrose associated noncovalently with the pellet from the sucrose which was metabolized. A 25-ml portion of a cell culture grown to an A 660 of 0.7 was incubated with 0.1 M [
14 C]sucrose for 6 min at 65ЊC. Another culture was incubated with the same concentration of radioactive sucrose for 1 h at 4ЊC. A 5-ml aliquot of each culture was filtered, washed, and extracted with ethanol. After 6 min, sucrose should have entered the cells, but little of it should have been metabolized. After incubation at 4ЊC for 1 h, there should have been negligible metabolism of sucrose, and the counts in the pellet should have represented the background value for nonenzymatic but tight association of the sucrose with cell material. After incubation at both 65 and 4ЊC the levels of radioactivity of the washed cells, ethanolic fractions, and insoluble cell debris were compared with the specific radioactivity for sucrose, which was obtained by determining the counts per minute in 1 ml of cell culture in order to estimate both the amount of sucrose internalized and how much sucrose was converted to insoluble material.
Methane analysis. Methanococcus thermolithotrophicus cells were routinely grown in 75-ml serum bottles containing 25 ml of the medium described above under the conditions described above. Each bottle was inoculated with a 10% inoculum of a culture that had the corresponding salt concentration. Two bottles were prepared for each sampling time from 1 to 4 h. One bottle was used as the control (there was no exogenous sucrose), and the other contained 0.2 M sucrose. For each time point, the following parameters were analyzed: optical density, total protein content, and methane production. All gas chromatography experiments were performed with a Hewlett Packard model 3590A instrument equipped with a flame ionization detector. A fused silica capillary column with an inside diameter of 0.2 mm and a length of 50 m was used. The column head pressure was 16 lb/in 2 , and the oven, injection port, and detector temperatures were 35, 100, and 150ЊC, respectively. Helium was used as the carrier gas at a flow rate of 9.58 ml/min. The total peak area was used to determine methane contents from the standard graph prepared by using 99.99% pure methane (Wesco Gas Supplies).
NMR spectroscopy.
1 H WALTZ decoupled 13 C natural abundance NMR spectra (125.7 MHz) were obtained for ethanol extracts in 0.6 to 0.7 ml of D 2 O. All NMR spectra were obtained with a Varian Unity 500-MHz spectrometer by using a 5-mm broad-band probe, a 25-kHz sweep width, 32,768 data points, a 36.6Њ pulse angle, a 1.0-s recycle delay, and 10,000 to 30,000 transients. Free induction decays were processed with 2-to 4-Hz line broadening. The spectral regions for carbon atoms with directly bonded protons were examined, and the integrated intensities of peaks were determined. These values were converted to micromoles of solute by using a 50-mol acetate standard added to the extract as a reference. The intensities were corrected for nuclear Overhauser effect differences and any partial saturation of resonances under the NMR conditions used. The amounts of solute were then normalized to the amount of protein in each cell culture prior to extraction. The 13 C linewidths of the CH resonances of glutamate, ␤-glutamate, and sucrose carbon atoms in intact cells, as well as extracted samples, were determined by measuring the widths at half-height minus the applied line broadening.
RESULTS
Sucrose internalization by Methanococcus thermolithotrophicus. Previous natural abundance 13 C NMR analyses of ethanol extracts of Methanococcus thermolithotrophicus cells grown in the presence of 0.7 M NaCl revealed that there were two major organic solutes, L-␣-glutamate and ␤-glutamate (19) . No resonances were detected in the region from 60 to 100 ppm, which would have been indicative of carbohydrates. A 13 C NMR spectrum was obtained for intact anaerobic Methanococcus thermolithotrophicus cells grown in the presence of 0.7 M NaCl and 0.2 M sucrose and then washed to remove exogenous carbohydrate. A large number of resonances appeared in this region (Fig. 1A) . The 12 chemical shifts between 60 and 110 ppm indicated that sucrose in the medium was internalized and that once sucrose was inside, it was stable to washing. The linewidths of the sucrose resonances were slightly broader than those of the glutamate isomers. Under these conditions, the glutamate isomers were detected at near-normal concentrations (ϳ1 mol/mg of cell protein [16, 19] ) when the sucrose concentration was 0.15 to 0.20 mol/mg of protein. Since the cells were centrifuged and washed in sucrose-free buffer twice, the concentration of contaminating sucrose in the last wash would have been less than 1 mM. At most, ϳ0.1 ml of the final supernatant would have remained with the pellet, resulting in a sucrose concentration of 0.1 to 0.2 mM in the final NMR sample (a woefully insufficient amount which could not account for the strong sucrose resonances observed in the natural abundance 13 C spectrum). Therefore, the sucrose detected in the NMR samples represented an internalized carbohydrate fraction.
Information on how much of the internalized sucrose was detected by NMR was provided by resonance linewidths and the results of comparisons of the sucrose intensities with the intensities of the glutamate isomers, particularly ␤-glutamate, since ␤-glutamate acts as a compatible solute (16, 18, 19) . The observed linewidths reflect a weighted average of various environments occupied by the solutes (for instance, solute free in the cytoplasm versus solute bound to macromolecules or aggregates within the cells). Binding to macromolecules will increase the observed linewidth (proportional to the amount of bound solute versus free solute) as long as the binding is in the fast-exchange region on the NMR time scale (which is the case when the dissociation constant, K D , is Ͼ 50 M); in an intermediate-exchange regime linewidths would be even broader. If a significant fraction of a solute is tightly associated with the cell membrane or another large-scale structure, it exhibits slow exchange with the free solute and gives rise to a separate resonance. This tightly bound solute would have an extremely broad linewidth and would not be detected in a high-resolution spectrum. Hence, if the intensities of the solute resonances in intact cells and extracts are comparable, the narrower the line- width, the less the solute interacts with other components in the cells. The relatively narrow sucrose linewidths in the in vivo spectrum (ϳ8 Hz) suggested that the bulk of the sucrose was free in solution and not tightly associated with any macromolecule. For comparison, the sucrose linewidths in samples extracted from cells (Fig. 1B) or the sucrose linewidths in the NMR media were narrower (ϳ2 Hz). To determine if the NMR-observable sucrose was essentially all or a fraction of the total internalized sucrose, the average integrated intensities of sucrose CH groups was compared with the intensities of CH This implied that nearly all of the sucrose was free in the cytoplasm and not tightly associated with cell wall components, proteins, or other structures. An experiment was conducted to determine if sucrose internalization occurred at 4ЊC, conditions under which the cells could not generate methane and hence ATP. After cells were incubated with 0.2 M sucrose at 4ЊC, the amount of sucrose internalized was 0.21 mol/mg of protein for cells that had been grown in the presence of 0.7 M NaCl, as judged from 13 C natural abundance NMR spectra. The concentrations of glutamate isomers were ϳ1 mol/mg of protein under these conditions (16) . Thus, the amount of sucrose internalized without an energy source was similar to the amount detected in actively growing cells. The radiolabeled sucrose was incubated with cells at 65ЊC, and aliquots were removed, vacuum filtered, and washed two or three times after various incubation times. As Table 1 shows for two different experiments, by the third wash the concentration of sucrose was quite low (ϳ0.1 mM), and the radioactivity detected was close to the background value, indicating that washing effectively removed exogenous sucrose. The amount of sucrose internalized per milligram of cell protein as a function of incubation time is shown for 0.1 M [ 14 C]sucrose in Fig. 2A . Uptake was linear for the first 6 to 8 min, and on the basis of this observed time dependence, 2-, 5-, and 6-min incubations were used to measure the sucrose uptake rate as a function of other external sucrose concentrations. The results of this experiment are shown in Fig. 2B . Although there was considerable error in estimation of the rates, the dependence of the uptake rate on the external sucrose concentrations was not linear, and the uptake rate appeared to be constant at sucrose concentrations of Ն0.1 M. Such a dependence could indicate that there is a protein-mediated process in Methanococcus thermolithotrophicus. It could also be consistent with simple diffusion and a change in the solution properties at high sucrose concentrations that alters the passive diffusion of the sucrose molecules. To explore this further, we performed experiments with unlabeled glucose (which as a component of sucrose is a likely candidate to bind to any membrane-bound permease responsible for sucrose uptake) to see if this compound competed with [ a The results of two separate experiments are shown. In these experiments we used different initial sucrose specific radioactivities (3,416 cpm/mol for the 2-min experiment and 725 cpm/mol for the 30-min experiment). The background value was subtracted from the observed value (171 cpm for the 2-min experiment and 31 cpm for the 30-min experiment) before the sucrose concentration was estimated. The culture volumes were 5 ml for the 2-min experiment and 25 ml for the 30-min experiment. The volume of each wash was 10 ml.
b For a culture with an A 660 of 0.65, the protein content was 1.3 mg/ml (6.5 mg for the 5-ml culture and 32.5 mg for the 25-ml culture; these values were used to normalize the amount of sucrose internalized).
c The radioactivity in the entire pellet was counted; therefore, the number of counts per minute represented the amount of intracellular sucrose.
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If the half-times for saturation were compared, then the presence of unlabeled glucose had no effect on the internalization of [
14 C]sucrose. This is consistent with simple passive diffusion and suggests that a wide range of solutes might be internalized by Methanococcus thermolithotrophicus cells.
The amounts of sucrose internalized after 30 and 40 min of incubation at each external sucrose concentration were used to estimate the intracellular equilibrium levels of sucrose. As shown in Fig. 4 , there was a linear relationship between external sucrose concentration and the equilibrium amount of sucrose internalized by the cells.
The effect of incubation temperature on internalization of 0.1 M [ 14 C]sucrose was also examined to confirm the results of the 13 C NMR study. At incubation temperatures of 4, 25, and 65ЊC, the amounts of sucrose internalized after 30 min were 0.14 Ϯ 0.02, 0.14 Ϯ 0.04, and 0.16 Ϯ 0.02 mol/mg of protein, respectively. The cells did not generate methane at the lowest temperature and hence had no energy source for active transport, yet the same amount of carbohydrate was internalized. Again, this indicates that sucrose is internalized not by an energy-requiring process but by a passive diffusion process (it also suggests that 30 min is enough time for the sucrose to reach an equilibrium distribution).
If the cells were left in the presence of 0.1 M [ 14 C]sucrose for 1 to 2 days at room temperature before filtration, more sucrose was internalized (ϳ0.28 mol/mg of protein). This lower rate of sucrose uptake was also detected in 13 C NMR spectra of cell extracts by a change in the ratio of sucrose to glutamate and ␤-glutamate (data not shown). Since the cells were not actively metabolizing, the relevance of such uptake was unclear. What these findings did indicate was that for accurate measurements of sucrose uptake, cells had to be filtered or centrifuged immediately and could not be stored at room temperature prior to extraction of the solute pools.
Effect of sucrose on cell growth and methane production. The effect of 0.2 M sucrose on the growth of and methane production by Methanococcus thermolithotrophicus was examined with cells growing in medium containing 0.4 to 1.4 M NaCl. When Methanococcus thermolithotrophicus was grown in medium containing a high NaCl concentration and 0.2 M sucrose, there was a lag period prior to cell growth. However, the length of the lag period depended on the age and volume of the inoculum and was difficult to define accurately. The doubling times of Methanococcus thermolithotrophicus were more reproducible and increased as the NaCl concentration in the medium increased both in the presence and in the absence of 0.2 M sucrose ( Table 2 ). The effect of added sucrose on the doubling time was less pronounced at the higher NaCl concentrations used (i.e., if the doubling time in the presence of sucrose was compared with the doubling time in the absence of NaCl, the ratio tended to move toward 1.0 as the NaCl concentration increased).
The effect of 0.2 M sucrose on protein and methane production is shown in Fig. 5 . In medium containing 0.4 M NaCl, sucrose had no significant effect on either methane (Fig. 5A) or protein (Fig. 5B) generation. In contrast, in medium containing 1.4 M NaCl, both methane production (Fig. 5C ) and protein production (Fig. 5D) were inhibited by inclusion of sucrose in the medium.
Metabolism of sucrose. In Methanococcus thermolithotrophicus, there was no evidence that the internalized sucrose was catabolized to a product whose concentration was high enough to be detected by 13 C NMR spectroscopy. However, the carbohydrate could be metabolized at a level low enough so that the products (two possible products are glucose and fructose) would not be present at high steady-state concentrations. The individual sugars could then be metabolized by the cells and incorporated into the cellular macromolecule pool. Hence, if the cells are grown on [ 14 C]sucrose (not just incubated with the sucrose as in an uptake experiment), significant radioactivity should remain in the cell pellet after ethanol extraction if the sucrose is metabolized to some degree. In experiments (Table  3) in which cells were incubated in medium containing 0.1 M [ 14 C]sucrose during the entire growth process (in the presence of 0.7 M NaCl), we found that 0.13 mol of sucrose per mg of protein could be removed when cells were lysed and collected on filter paper with 70% ethanol. This amount of sucrose corresponds to the amount of sucrose detected in the 30-min equilibrium uptake experiments (Fig. 4) . However, even after extensive washing of the lysed cell pellet, a significant amount of radioactivity (and hence a significant amount of sucrose or degradation product) remained associated with the particulate debris ( Table 3 ). The counts in the washed pellet corresponded to 0.11 mol/mg of protein. If a cell suspension incubated at 62ЊC for 6 min with [ 14 C]sucrose was treated in the same way, the counts in the washed pellet corresponded to 0.04 mol/mg of protein, which is consistent with the hypothesis that there is little metabolism under these conditions. As a second control, if a cell suspension (A 660 , 0.69) was incubated at 4ЊC for 1 h in medium containing 0.1 M [ 14 C]sucrose, the counts associated with the lysed cell pellet corresponded to 0.08 mol/mg of protein. When cells are incubated at 4ЊC, 1 h is more than enough time for the sucrose to equilibrate across the cell membrane. The low temperature should minimize energy-dependent metabolism of the sucrose since the production of methane on this time scale is negligible. The amount of sucrose tightly associated with the pellet after incubation increased compared with the short-time control and approached the level found in the growth experiment (0.11 mol/mg of protein). There may be other pathways for sucrose degradation (e.g., sucrase or related hydrolytic activity) which do not re- a Doubling times were determined by using duplicate cultures at each NaCl concentration. The errors in doubling time estimates were typically Ͻ15%.
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quire the cells to be actively metabolizing to yield molecules which can be fixed into insoluble material. Therefore, whether the increased radioactivity associated with the washed pellet of cells incubated at 4ЊC for 1 h represents some metabolic product of the sucrose or sucrose tightly associated with cell material is unclear. However, cells grown in the presence of sucrose would be expected to incorporate more of the material if a significant amount of it is actively metabolized. The observation that the additional increase in the 14 C counts in the growth experiment was relatively small (0.03 mol/mg of protein above the low-temperature incubation counts) is most consistent with the hypothesis that there was little incorporation of the sucrose into cellular material by metabolic processes. Therefore, to a large extent the sucrose did not appear to be degraded and used by the cells.
Sucrose uptake by other methanogens. We also examined two other methanogens by 13 C NMR spectroscopy for sucrose internalization. Methanogenium cariaci, a marine species, was grown in the presence of 0.5 M NaCl and 0.2 M sucrose. The cells of this organism also accumulated sucrose from the medium (Fig. 6) . Sucrose was the dominant solute, and the concentration of sucrose was significantly higher (1.4 times) than a A 50-ml portion of a cell suspension was harvested at an A 660 of 0.82 and filtered; the sucrose specific radioactivity was 1,890.7 cpm/mol, and the pellet contained 75.5 mg of protein.
b A 5-ml portion of a cell suspension was harvested at an A 660 of 0.7 and filtered; the sucrose specific radioactivity was 1,966.4 cpm/mol, and the pellet contained 6.45 mg of protein.
c A 5-ml portion of a cell suspension was harvested at an A 660 of 0.69 and filtered; the sucrose specific radioactivity was 1,863 cpm/mol, and the pellet contained 6.34 mg of protein.
d The cell pellet was washed each time with 10 ml of medium without sucrose. e For ethanol extraction, the pellet was incubated with 20 ml of 70% ethanol; the preparation was then filtered, and 1 ml was counted. f For ethanol extraction, the pellet was incubated with 10 ml of 70% ethanol; the preparation was then filtered, and 1 ml was counted. the concentration of N ε -acetyl-␤-lysine, which is the major solute in sucrose-free medium (16) . In contrast, Methanobacterium thermoautotrophicum ⌬H internalized much less sucrose, as shown by the natural abundance 13 C NMR spectrum in Fig. 7 (one of the sucrose 13 C resonances overlapped with the cyclic-2,3-diphosphoglycerate [cDPG] resonance at ϳ70 ppm). The sucrose intensity was roughly one-tenth the intensity of cDPG, which is the major internal solute in Methanobacterium thermoautotrophicum (the cDPG, sucrose, and glutamate resonances are best seen in the inset to Fig. 1) . The intracellular concentration of cDPG was ϳ0.15 M under these conditions (5); hence, the intracellular concentration of sucrose was 10 to 20 mM in this methanogen. Sucrose does not appear to be taken up by Methanobacterium thermoautotrophicum ⌬H by simple diffusion since the cells were grown in the presence of 0.2 M sucrose and the internal sucrose concentration was roughly 0.02 M. If the carbohydrate were internalized via a simple non-protein-mediated uptake mechanism, then we would expect that over the course of several generation times the internal and external sucrose concentrations would be the same. Other 13 C resonances at lower intensities than sucrose were also observed in the carbohydrate region (this region had no significant resonances in an extract obtained from cells grown without sucrose), indicating there was detectable metabolism of sucrose (Fig. 7) . Thus, the ability to internalize sucrose and the mechanism of internalization vary among methanogenic archaebacteria.
Sucrose as an impermeable solute for Methanococcus thermolithotrophicus.
The results of all of the experiments described above indicated that sucrose in the medium rapidly diffuses into Methanococcus thermolithotrophicus cells by a mechanism that is most consistent with simple diffusion. This is not a property of all methanogens, since the 13 C NMR experiments performed with Methanobacterium thermoautotrophicum ⌬H showed that the internal and external carbohydrate concentrations were quite different. Sucrose has been used successfully as an impermeable solute to measure the cell volumes of Methanobacterium thermoautotrophicum ⌬H (21), Methanohalophilus sp. strain FDF1 (12) , and Methanosarcina thermophila (20) . Typically, in these measurements very low concentrations of sucrose (0.05 to 0.2 mM [ Table 4 . The amount of sucrose internalized in 6 min was 1.0 ϫ 10 Ϫ4 mol/mg of protein, a value comparable to the value expected for equilibrium distribution of 0.1 mM sucrose on the basis of the data shown in Fig. 4 . Therefore, sucrose cannot be used as a marker for extracellular volume in Methanococcus thermolithotrophicus suspensions. 
DISCUSSION
Methanogens respond to external osmotic stress by accumulating inorganic ions, glutamate, and several ␤-amino acids and their derivatives (12, (15) (16) (17) (18) (19) (20) . Unlike most eubacteria, these organisms have not been reported to accumulate carbohydrates in reaction to changes in external NaCl concentrations. Sucrose is a carbohydrate which can be accumulated to balance external osmotic pressure in some cells; for other cells this carbohydrate is often used as an impermeable marker for extracellular volume. Sucrose has been used previously (in conjunction with 3 H 2 O) to determine the intracellular volumes of several methanogens (10, 12, 20) . Methanococcus thermolithotrophicus was not among the organisms examined, although the internal volume of Methanococcus voltae, a related organism, was determined to be 1.37 Ϯ 0.04 l/ng dry cell weight (10) .
In contrast to what has been found in other methanogens, sucrose is rapidly internalized by Methanococcus thermolithotrophicus cells by passive diffusion. Since sucrose has little effect on other organic solutes synthesized de novo in the cells at a given NaCl concentration and since the amount of sucrose internalized does not increase as the external NaCl concentration increases, the internalized sucrose cannot be considered an osmolyte in this methanogen. We can estimate the intracellular concentration of sucrose by using the volumes estimated for other methanogens. For example, the volume of Methanobacterium thermoautotrophicum has been determined by gravimetric analysis to be 2.01 ml/g dry cell weight (21) . The dry cell weight of 25 ml of a cell suspension at an A 660 of 0.6 is 0.0119 g. In the 30-min [ 14 C]sucrose uptake experiment in Table 1 , the counts in the pellet corresponded to 3.98 mol of sucrose in an intracellular volume of 24 l, or an intracellular sucrose concentration of 0.16 M. If we assume that 0.04 mol/mg of protein is the concentration of nonspecifically and tightly adsorbed sucrose (the amount of sucrose associated with the pellet after very short incubations [ Table 3 ]), the amount of sucrose free in the cells is diminished by 1.22 mol. Thus, the corrected intracellular concentration of sucrose is estimated to be 0.12 M, essentially the same value as the extracellular concentration of sucrose (0.1 M). Clearly, the ]sucrose uptake experiments. These results are important because they show that sucrose cannot be used as a noncharged solute to replace NaCl in experiments to evaluate how external osmotic strength affects the internal solute composition of this organism.
Whether other methanogens behave in the same way must be determined on an individual basis. Clearly, 13 C NMR spectroscopy has revealed that sucrose does not equilibrate across the cell membrane of Methanobacterium thermoautotrophicum. This is consistent with use of this compound as a marker for extracellular volume measurements in that organism (21) . On the other hand, Methanogenium cariaci exhibits high intracellular concentrations of sucrose, and, although [ 14 C]sucrose uptake experiments have not been performed, it is likely that sucrose can readily diffuse into cells of this organism. Thus, in any measurement of methanogen intracellular volume, workers must be careful when using labeled sucrose as an impermeant solute.
While the biological utility of the sucrose diffusion process is not understood, the passive diffusion of sucrose and potentially related carbohydrates may prove to be useful in future studies of Methanococcus thermolithotrophicus and other methanogens.
